The aims of this study were to investigate the prevalence of upper tract involvement in ketamine-associated uropathy, and to determine the predictors of hydronephrosis in patients with a history of ketamine abuse. Methods: This was a cross-sectional study of a prospective cohort of patients with ketamine-associated uropathy. Data including demographics, pattern of ketamine abuse, pelvic pain and urgency or frequency (PUF) symptom score, uroflowmetry (UFM) parameters, serum renal function, and liver function tests were collected. Upon consultation, ultrasonography was performed to assess the function of the urinary system. Results: From December 2011 to October 2015, we treated 572 patients with ketamine-associated uropathy. Of these patients, 207 (36.2%) had managed to achieve abstinence at the time of their first consultation. Ninety-six patients (16.8%) in the cohort were found to have hydronephrosis on ultrasonography. Univariate analysis identified age, duration of ketamine abuse, PUF symptom score, voided volume on UFM, serum creatinine levels > 100 μmol/L, and an abnormal serum liver enzyme profile as factors associated with hydronephrosis. Logistic regression revealed the following parameters to be statistically related to hydronephrosis: age (adjusted odds ratio [OR], 1.090; 95% confidence interval [CI], 1.020-1.166; P = 0.012), functional bladder capacity (adjusted OR, 0.997; 95% CI, 0.995-0.999; P = 0.029), serum creatinine > 100 μmol/L (adjusted OR, 3.107; 95% CI, 1.238-7.794; P = 0.016, and an abnormal serum liver enzyme profile (adjusted OR, 1.967; 95% CI, 1.213-3.187; P = 0.006). Conclusions: Ketamine-associated uropathy can involve the upper urinary tract. Patient demographics as well as investigations of UFM, renal function tests, and liver function tests may allow us to identify at-risk patients.
INTRODUCTION
Ketamine has been used for anaesthetic and analgesic purposes since the 1960s [1] . It is an N-methyl-D-aspartate antagonist and is metabolized in the liver to norketamine. This active metabolite of ketamine is then excreted in the urinary system. In addition to its role in pain relief, ketamine has been adopted as a treatment option for major depression [2] , treatment-resistant depression [3] , and bipolar affective disorder [4] . However, since it has the properties of a strong psychostimulant, ketamine can also be a drug of abuse. The recreational use of ketamine was first reported in the 1970s, and it has become increasingly common in the past 20 years [5] . An increase in ketamine use from 0.8% in 2007-2008 to 2.1% in 2010-2011 was noted among young people aged 16-24 years in the United Kingdom [6] , and it has been the substance most commonly abused by teenagers since 2005 in Asian cities such as Hong Kong [7] .
Ketamine is known to be toxic to the urinary tract. Since the initial case series of ketamine cystitis reported by Shahani et al. [8] and Chu et al. [9] in 2007, this unique disease entity has gained increasing recognition. The original report by Chu et al. [9] described 59 patients with a history of ketamine abuse who presented with lower urinary tract symptoms. Their report demonstrated that ketamine-associated uropathy involves both the lower urinary tract and the upper urinary tract. Thirty patients (51%) in their series had unilateral or bilateral hydronephrosis on renal ultrasonography. In another cohort of 160 patients with ketamine-associated uropathy presented by Tam et al. [10] , 8.1% of the patients had hydronephrosis. We investigated the prevalence of hydronephrosis in an updated cohort of patients with ketamine-associated uropathy, and determined the predictive factors of hydronephrosis.
MATERIALS AND METHODS
Since December 2011, all consecutive patients who attended our centre for ketamine-related urological problems were seen in a dedicated clinic, and were recruited into a prospective cohort with a standardized treatment regimen after we obtained approval from the Joint Chinese University of Hong KongNew Territories East Cluster Clinical Research Ethics Committee (CREC No: CRE-2011.454). Written informed consent was provided by all participants prior to entering the study.
Basic demographic data were recorded before clinic attendance. Upon the first consultation, serum creatinine levels were determined, and urine microscopy and culture and uroflowmetry (UFM), were performed. Functional bladder capacity (FBC) was calculated by adding the voided volume to the postvoid residual urine the UFM, assessment. Symptom assessment was done using the pelvic pain and urgency/frequency symptom scale (PUF symptom score) and the EuroQoL visual analogue scale (EQ VAS). The Chinese version of the PUF symptom score is a validated assessment tool for cystitis [11] , and the EQ VAS is a 0-100 visual scale for the patient's subjective assessment of his or her own health state. The higher the score, the better the patients perceive their health state. Ultrasound of the urinary system was performed to identify signs of obstructive uropathy.
Descriptive statistics were used to characterize the clinical characteristics of the study cohort. Abstinence was defined as abstaining from ketamine use for at least 4 weeks. The t-test was used for continuous data, and the Mann-Whitney U-test was used for skewed data. The chi-square test was applied for categorical data. Univariate and multivariate logistic regression analyses were performed to identify clinical covariates that were significantly associated with a hydronephrotic status. P-values < 0.05 were considered to indicate statistical significance. IBM SPSS Statistics ver. 21.0 (IBM Co., Armonk, NY, USA) was used for all calculations.
RESULTS
From December 2011 to October 2015, 572 patients presented to our clinic with ketamine-associated uropathy (Table 1) . Female patients comprised a slight majority of our cohort (323 patients; 56.5%) and the mean age was 25.3 ± 3.8 years. Of the patients, 207 (36.2%) had already managed to achieve abstinence upon their first consultation, which was defined as abstaining from ketamine use for 4 weeks. Ninety-six patients (16.8%) in the cohort were found to have either unilateral or bilateral hydronephrosis on ultrasonography. Among the patients with hydronephrosis, 9 patients required urinary diversion with a percutaneous nephrostomy drain, and 4 patients required double-J stent insertion. Some selected patients were investigated further with an antegrade pyelogram, a retrograde pyelogram, or a technetium-99m diethylenetriamine-pentaacetic acid scan to delineate the cause of hydronephrosis. Among the 19 patients who underwent these investigations, 8 were found to have an obstruction at the ureter, pelvic-ureteric junction, or vesico-ureteric junction. For patients without any demonstrable ureteric obstruction, no video urodynamic study or micturat- ing cystograms were performed to confirm the presence of vesico-ureteric reflux. In the whole cohort, 19.8% of the patients were seen for follow-up investigations. Spontaneous resolution of hydronephrosis was observed in 3 patients after they achieved abstinence for 4, 8, and 12 months respectively.
Abstinence status was not found to be significantly different between patients with or without hydronephrosis (32 [33.3%] vs. 175 [36.8%], P = 0.523). The mean amount of ketamine consumed per week in the hydronephrosis group was 18.6 ± 18.1 g, which was not significantly different from the corresponding value observed in the nonhydronephrotic group. Univariate analysis identified age, duration of ketamine abuse, PUF symptom score, voided volume on UFM, serum creatinine >100 μmol/L, and an abnormal serum liver enzyme profile as factors associated with hydronephrosis. The serum liver enzyme profile used in the current study encompassed alkaline phosphatase, aspartate aminotransferase, and alanine aminotransferase. The normal range of the tests was provided by the laboratory in our centre, which met international standards with periodic quality assurance reviews. Any deviation from the normal range was marked as an abnormal liver enzyme profile.
Multivariate forward logistic regression was performed to identify factors related to hydronephrosis ( Table 2 ). The following parameters were found to be statistically significant predictors of hydronephrosis in patients with ketamine-associated uropathy: age (adjusted odds ratio [OR], 1.090; 95% confidence interval [CI], 1.020-1.166; P = 0.012), FBC (adjusted OR, 0.997; 95% CI, 0.995-0.999; P = 0.029), serum creatinine > 100 μmol/ L (adjusted OR, 3.107; 95% CI, 1.238-7.794; P = 0.016), and an abnormal serum liver enzyme profile (adjusted OR, 1.967; 95% CI, 1.213-3.187; P = 0.006).
DISCUSSION
While ketamine-induced urinary symptoms and pathology have sometimes been referred to as ketamine cystitis in the literature [12] , the urological sequelae of ketamine abuse extend beyond the lower urinary tract. In the 59 patients with ketamine abuse reported by Chu et al. [9] , 30 (51%) were found to have either unilateral or bilateral hydronephrosis in the initial assessment. Most of these patients in their case series were found to have hydronephrosis and hydroureters down to the level of the vesico-ureteric junctions on intravenous urograms, implying that upper tract involvement was likely the result of a long-term decrease in bladder compliance. In our series, genuine ureteric obstruction was found in some patients with hy- Values are presented as mean ± standard deviation or number (%). PUF, pelvic pain and urgency or frequency. P-value signifies the difference between patients with and without hydronephrosis.
dronephrosis. The obstructing points varied from the vesicoureteric junction to the pelvic-ureteric junction. This suggests that when encountering patients with a history of ketamine abuse who have hydronephrosis, both a video urodynamic study of the lower urinary tract and a dynamic contrast study or dynamic nuclear scan of the upper urinary tract are important for establishing the underlying cause of hydronephrosis. The histopathological findings of bladder biopsy samples obtained from patients with ketamine-induced cystitis include features of chronic inflammation similar to those found in the ulcer type of interstitial cystitis [8, 9] . The urothelium is substantially denuded. The lamina propria shows granulation tissue and congested vessels. Infiltration of eosinophils, lymphocytes, plasma cells, mast cells, and macrophages have been observed in the mucosal and submucosal layers [13] . Having said that, interstitial cystitis can seldom lead to a generalized thickened bladder wall as severe as that is seen in ketamine-associated uropathy. Shahani et al. [8] proposed that a high concentration of ketamine and its metabolites in the urine might induce significant bladder irritation and cause cystitis due to prolonged contact. Furthermore, they may inflict damage on the microvasculature of the bladder, potentially leading to ischaemia and fibrosis. This fibrotic process may take place in the ureter as well, ultimately leading to ureteric obstruction and hydronephrosis. However, fibrotic processes in the bladder would decrease the FBC throughout the disease process [14] . In our study, FBC was found to be a predictor of hydronephrosis in patients with a history of ketamine abuse. This may be explained through the possibility that a fibrotic bladder may reflect disease severity, and also implies that a poorly compliant bladder is associated with a higher risk of vesico-ureteric reflux.
In addition to luminal obstruction of the ureter as a result of ureteric fibrosis, intra-luminal obstruction of the ureter by debris was reported by Selby et al. [15] . They reported a patient with a history of ketamine abuse with hydronephrosis and renal failure. Upon nephrostomy drainage, gelatinous debris was aspirated and was present throughout both pelvicalyceal systems. Analysis of this material revealed ketamine metabolites, cannabinoids, and lignocaine. As ketamine does not usually precipitate in the pelvicalyceal system, the authors postulated that the presence of cannabinoid metabolites or repeated administration with a higher cumulative dose of ketamine might account for the production of this debris, which eventually gave rise to a mechanical obstruction of the upper urinary tract.
Nephrogenic metaplasia has also been discovered in the ureter of patients with a history of ketamine abuse. In a nephroureterectomy specimen of a patient with ketamine-associated uropathy, florid nephrogenic metaplasia was found throughout the ureter and extending to the renal pelvis [16] . In our cohort, we also had a patient with similar pathology. A 33-year-old man underwent robotic-assisted laparoscopic augmentation cystoplasty with the reimplantation of the bilateral ureters for ketamine-induced cystitis. After the procedure, the patient resumed ketamine abuse for a period of time. Two years after augmentation cystoplasty, he was found to have left hydronephrosis. Ureteroscopy confirmed multiple nodules in his left ureter. Biopsy of the masses showed fragments of granulation tissue with denuded and ulcerated urothelium, associated with dense mixed inflammatory cell infiltrate. Immunohistochemistry showed features consistent with nephrogenic metaplasia. While such histological findings are a common response to injurious stimuli in the bladder, their occurrence in the ureter has rarely been described in the literature. Our study identified an abnormal serum liver enzyme profile as a factor predicting the presence of upper urinary tract involvement in ketamine-associated uropathy. Ketamine is known to have an effect on the hepatobiliary system. Liver function derangement has been reported in the literature among patients with a history of ketamine abuse [17] . Ketamine-related cholangiopathy in the form of fusiform dilatation of the common bile ducts without evidence of intrinsic or extrinsic obstruction was observed by Yu et al. [18] . Wong et al. [19] reported that ketamine abuse appeared to lead to common bile duct dilatation, microscopic bile duct injury, and even significant liver fibrosis. In a study using rat models to investigate the histological and biochemical impact of ketamine on the liver, ultrastructural changes were seen in the mitochondria and in the rough endoplasmic reticulum [20] . Furthermore, prolonged use of ketamine caused hepatocellular toxicity and histological changes in hepatocytes in a dose-dependent manner. This might imply that the detection of an abnormal serum liver enzyme profile is related to overall disease severity in the setting of ketamine abuse. Thus, such a finding in a patient would mean a higher risk of upper urinary tract involvement in ketamine-associated uropathy.
Abstaining from ketamine abuse is regarded as an important milestone in treating ketamine-related uropathy [11] . With abstinence, symptom resolution has been observed [21] . After patients with ketamine-induced cholangiopathy have achieved abstinence, improvements have been observed in the dilatation of the common bile ducts [18] . In our cohort, we observed that hydronephrosis can likewise resolve after abstinence from ketamine has been attained. Furthermore, such resolution can occur after 1 year of abstinence. The predictive factors for the resolution of hydronephrosis after abstinence require further study to be confirmed.
A major limitation of our study stemmed from the relatively poor compliance of our patients. Of all the patients with hydronephrosis, only 19.8% of the patients returned for follow-up. As hydronephrosis can result from both obstructive and reflux causes, a larger cohort of patients with hydronephrosis who have completed a comprehensive assessment would allow us to better understand the aetiology of hydronephrosis in the context of ketamine abuse.
In conclusion, while lower urinary tract symptoms are a hallmark of ketamine-associated uropathy, upper urinary tract involvement is not uncommon in patients with a history of ketamine abuse. Age, FBC, serum creatinine level, and an abnormal serum liver enzyme profile were found to be correlated with the risk of hydronephrosis in this group of patients. With abstinence, resolution of hydronephrosis was observed in some patients. Nevertheless, permanent toxicity to the upper urinary tract is still of concern with long-term ketamine abuse.
